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Introduction

A remarkable aspect of the metabolism of 1norganic arsenic 1s its
conversion to methylated metabolites. Hence, an individual ingesting
water containing inorganic arsenic excretes in urine inorganic, methyl,
and dimethyl arsenic. Although the formation of methylated arsenicals
has been commonly considered a mechanism for detoxification, research
in this laboratory shows that intermediates formed in the metabolism of
Inorganic arsenic are more reactive and toxic. Hence, the methylation of
arsenic 1s an activation process. To gain insight into the mechanistic
basis for the methylation of arsenic, we undertook the 1solation,
purification, and characterization of the enzyme that catalyzes the
methylation of arsenic. This research identified a novel S-adenosyl-I-
methionine-dependent methyltransferase from rat liver cytosol that
catalyzes the formation of methylated arsenicals from 1norganic arsenic.
We have cloned the cyt/9 gene that encodes this enzyme and shown that
it 1s highly conserved in the rat, mouse, and human genomes.

Studies with recombinant rat cyt19 allows us to address two
general questions about biomethylation reactions.

« What intermediates and products are formed 1n the course of
methylation reactions catalyzed by cyt19? Are they consistent with those
predicted by the widely-accepted scheme for alternate steps of oxidative
methylation and reduction of pentavalent arsenic to trivalency as shown
in the scheme?

* What are the roles of exogenous and endogenous reductants in support
of the catalytic function of cyt19?
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Methods Results

Cloning of rcyt19- The oligonucleotide sequence of rat Sl .
liver S-adenosyl-L-methionine: arsenic (IIT) methyltransf 1
IVCT 5-adcnosyl-L-metnionine:. arsenic meinyliransicrasc reyt19  HARPROA-ETHKDVONYYGNYLKTSADLATHACYTPAKGYPEY IRKSLONYHEEYISRYYGCGL YYPEHLENCRILDLGSGSGROCYVLSOLYGOKGHTTGIDHTKYAYEVAKAYLEYHTEKFGFOTPHY
d d . . 1 f h f ncyt19  HARSROADETHKDYONYYGNYLKTSADLOTHACY TRAKPYPSYIRESLONYHEDYSSRYYGCGL TYPERLENCRILDLGSGSGROCYYLSOLYGEKGHY TGIDHTKYQYEVAKTYLEHHHEKFGFORAPHY
heyt19  HAALRDRA-ETOKDYOTYYGOYLKRSADLOTHGCYTTARPYPKHIREALONYHEEYALRYYGCGLYIPEHLENCHILDLGSGSGROCYYLSOLYGEKGHY TGIDHTKGOYEYAEK YLDYHHEK YGF OASHY
was used to GSIgIl prlmers to amp 1 Yy the gene sequence rom a Consensus  HAR, RDA, EThKDYORYYGEVLKESADLOTHCYT  AkpYP , yIResL OHYHE Y, sRYYGCGLy! PERLEHCT ILDLGSGSGROCYVLSOLYGEKGH ! TRIDHTKvAYEYAk, YL $yHnEKZGFOapHY
rat IIVGI' CDNA hbrary. The full length sequence was 1nserted 131 140 150 160 170 180 190 200 210 220 230 24i) 250) 260
| } } } } } } } } } } } } |
: ;i : 111 : reytld  TFLHGOIEHLAEAGIOKESYDIYISHCYINLYPDKOKYLREYYOVLKYGRELYFSDYYRASLEYSEDIKSHKYLNGECLGGALYHKDLAYIAKKIGFCPPRLYTAHITTYGNKELERYLGOCRFYSATFRL
into £. COh strain DHSOL. A Clone contammg the Complete COdll’lg neyt19  TFLHGRIEKLAEAGIQSESYDIVISHCYIHLYPDKOQVLOEYYRVLKHGGEL YFSDYYASLEVPEDIKSHKYLMGECL GGALYHKDLATIAOKTGFCPPRLYTADII TYENKELEGVLGOCRFYSATFRL
. . . heyt19  TFIHGYTEKLGERGIKHESHDIVYSHCYINLYPDKOOYLOERYRYLKHGEEL YFSDYYTSLEL PEE TRTHKYLHGECL GGAL YHKEL AYLAQKTGFCPPRLYTAKL TTTOHKELERYIGDCRFYSATFRL
sequence Of rat Cyl ] 9 was 1dent1ﬁed and de&gnated pRSET— Consensus  TF1HG, IELaEAGIq, ESyDIY!SHCYINL YPDKOqYLqEwYrYLKhGGEL YFSDYYaSLEvpE $TksHKVLMGECLGGALYHK$LA! iAqKTGFCPPRLYTA#LIT! , NKELErY1GDCRFYSATFRL

%1 270 280 290 300 1) 320 130 340 350 360 70 376

rcytl 9 | } } } } } } } } } } } |

. . . . . . reyt19  FKLPKTEPAGRCOYYYNGGIHGHEKEL TFDANF TFKEGERVEYDEETARILRHSRF AHDFLF TPYERSLLAPQ------ TKYTIROPFKL AEESDKHKPRCAPEGTGGCCEKRKSE

P lll"lfl-Ctltl()n Of Recombmant P rotein- E COll Strain ncyt19  FKLPKTEPAERCRYYYNGGIKGHEKEL TFDRNFTFKEGERVAYDEETARYLKNSRF APDFLF TPYDASLPAPQGRSELE TKYL TROPFKLAEDSDKHKPRHAPEGTGGCCGKRKNC

heytl9  FKHSKTGPTKRCOYIYNGGITGHEKELHFDRNFTFKEGETVEYDEETARILKHSRF AQDFLIRPIGEKLPTSGECSALELKDITTOPFKLAEESDSHKSRCYPDARGGCCRTKKSE

° | i | | i
BL21 (DE3)pLYSS was transformed Wlth pRSET—rcyt19. and Consensus FK1pKTePa,RCqV! YNGGI , GHEKELiFDAHF TFKEGEaYeVDEETAR! LKHSRFA, DFLILP! , asLpapqg. s. letKvi IrDPFKLAE450kHKpReaP gt GGCCEKrKSsC

expression induced by addition of ImM IPTG to culture media.
Recombinant rcyt19 was purified from lysate by affinity
chromatography on a Pro-bond Ni-NTA resin column. Purified 2
recombinant rcyt19 was dialyzed against NBB or 100mM TRIS,

Multiple sequence alignment for rat (r), mouse (m), and human (h) cyt19.
Consensus sequence for these proteins also shown.

Thioredoxin (Trx) supports recombinant rat cytl9-catalyzed conversion of
inorganic arsenic to methyl and dimethyl arsenic. Lane a — Trx reductase

100 g+ —
pH 7.4, 50mM NaCl and stored at -20C. ;++>¢/A ] and NADPH, Lane b — Trx and NADPH, Lane ¢ — Trx and Trx reductase,
i /‘ \ Lane d — Trx, Trx reductase, and NADPH. Assay conditions: Lanes a-c
. . . . ) @ W = 4 e incubated for 16 hours at 37C, lane d for 15 minutes at 37C.
Methylation activity of recombinant rat cytl19 — The capacity of 5 :
. . . e o
the enzyme to convert inorganic arsenic (III) to methylated . e iAs >
. . . . . 5 e sl
products was monitored in reactions using ’>As-labeled arsenic = ]
(IIT) or using pH selective hydride generation-atomic absorption 0.1 % b
spectrometry to determine the oxidation state of arsenicals. : C - MA
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AdoMet iAs" : : : : :
Recombinant rat cyt19-catalyzed conversion of inorganic arsenic

(+) to methyl (m) and dimethyl (A ) arsenic. Assay conditions: 1
uM inorganic As'l, 1 mM S-adenosyl-L-methionine, 1 mM DTT,
100 mM tris/phosphate, pH 7.4, 37C.

Oxidative Methylation

AdoHcy B Effect of various reductants on recombinant rat cyt19-
4 catalyzed conversion of inorganic arsenic to methyl and
Reduction dimethyl arsenicals.
Reductants: TCEP, triscarboxyethylphosphine with
AdoMet MASs" glutathione (GSH)
Trx — Thioredoxin with thioredoxin reductase, NADPH,
Oxidative Methylation and GSH
Grx — Glutaredoxin with GSH reductase, NADPH, and
GSH
AdoHcy 2Lk LA — Lipoic acid with thioredoxin reductase, NADPH,
and GSH

Assay conditions: 1 uM inorganic As''l, 1 mM S-
adenosyl-L-methionine, 100 mM tris/phosphate, pH 7.4,
37C for 15 minutes.

Scheme for the oxidative methylation

and reduction of arsenic
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Conclusions

e The cyt19 gene 1n rat, mouse, and human genomes encodes
an arsenic methyltransferase. Cloning of these orthologous
genes and expression of their recombinant protein products
confirms that each catalyzes the conversion of inorganic
arsenic to methylated products.

e The catalytic activity of recombinant rat cyt19 depends
upon the presence of reductants in the reaction mixture.
Three endogenous reductants — thioredoxin, glutaredoxin,
and lipoic acid — have been 1dentified. Thioredoxin 1s the
most effective reductant and must be recycled to support the
reaction.

« Analysis of intermediates formed 1n cytl9-catalyzed
reactions shows that both pentavalent and trivalent arsenicals
are present 1n the reaction mixture. This 1s consistent with
the postulated scheme for arsenic methylation that involves
alternating steps of oxidative methylation and reduction of
pentavalent arsenicals.

Impact
 Identifying molecular components of the pathway that
converts 1norganic arsenic to more reactive and toxic
species facilitates studies on the mode of action of arsenic
as a toxin and carcinogen.

Future Directions
e Examine the molecular processes involved in arsenic
methylation by cytl9, especially the role of reductants in
catalysis.

 Investigate relation between genotypic variation in
cyt19 and 1ts phenotype as reflected by its capacity to
methylate arsenic and its role in genetic basis for
interindividual variation in the capacity to methylate
arsenic.



